HIV-1 integrase (IN) is
Integration is an obligatory step in the life cycle of all of the retroviruses and is performed by the viral enzyme integrase (IN). 5 During HIV-1 integration, IN catalyzes the insertion of newly reverse-transcribed ϳ10-kb viral DNA into the host genome. In addition, IN plays important roles in other viral replication steps, such as reverse transcription, the nuclear import of preintegration complexes (PICs), and chromatin targeting. By interaction with the host chromatin-tethering factor LEDGF/p75, IN preferentially targets viral DNA into transcriptionally active sites in the host genome to optimize the transcription and translation of its gene products (1) (2) (3) . Cellular proteins are recruited to assist IN to accomplish integration from different pathway, including nuclear import, shielding IN from proteasomal degradation, integration site selection, and gap repair (4) . Recently, considerable interest has been focused on the functional interaction between IN and host cellular proteins in the hope of disrupting their interactions, thereby blocking HIV-1 replication. In an attempt to identify host cellular partners for IN, several research groups have identified a number of IN cofactors using the yeast two-hybrid system, coimmunoprecipitation (co-IP) assays, or in vitro reconstitution of the enzymatic activity of salt-stripped PICs (5) (6) (7) (8) (9) (10) (11) . A recent study by Studamire et al. (5) found that 12 cellular proteins, including Ku70, could bind to the INs of both the Moloney murine leukemia virus (MMLV) and HIV-1 through screening with a yeast two-hybrid system. However, whether these cellular cofactors are associated with HIV-1 IN during HIV replication and their functional relevance remain unknown.
Ku70 is an evolutionarily conserved protein; it is found ubiquitously in eukaryotes and some prokaryotes, such as Archaea and Bacteria (12) (13) (14) . It is well known as a DNA repair protein and is part of the nonhomologous end-joining (NHEJ) pathway. Ku70 has also been implicated in many cellular processes, including antigen-receptor gene rearrangement, mobile genetic element biology, V(D)J recombination of immunoglobulins, telomere maintenance, DNA replication, transcription, cell cycle control, and apoptosis (13, 15) . As a DNA repair protein, Ku70 can bind to any double-stranded DNA irrespective of sequence specificity or end configuration, including 5Ј overhangs, 3Ј overhangs, or blunt ends (for a review, see Ref. 15 ). Ku70 can also bind specific DNA sequences to affect gene transcription (16) . For most biological functions in which Ku70 participates, Ku functions as a heterodimer consisting of Ku70 and Ku80, named according to their respective molecular masses of 70 and 80 kDa. Two regions of Ku70 amino acids 1-115 and 430 -482 are responsible for its heterodimerization with Ku80 (17) . Successful HIV-1 integration requires gap repair between viral DNA and host genome, which is believed to be performed by host DNA repair enzymes (18) . Two different host DNA repair pathways have been suggested to fill in the gap during HIV-1 infection: the NHEJ and DNA damage-sensing pathways (19 -21) . The NHEJ pathway begins with the recruitment of the Ku70/80 heterodimer, followed by the catalytic subunit of DNA-dependent protein kinase or DNA-PKcs, Xrcc4, and DNA ligase IV. Studies have shown that the NHEJ pathway is important for retroviral transduction or infection and for the cell survival of infected or transduced cells (20, (22) (23) (24) (25) . For example, HIV-1-based vector transduction or infection was markedly reduced in cells deficient in Ku80, DNA-PKcs, Xrcc4, or ligase IV (22, 24) . Moreover, NHEJ activity is required for two-long terminal repeat (2-LTR) circle formation, and Ku70 has been detected in MMLV PICs (24, 26 -28) . Ku80 was also shown to suppress HIV transcription by specifically binding to a negative regulatory element within the LTR (29) . All of these observations suggest that Ku70 or the K70/80 heterodimer may be involved in HIV-1 infection by affecting multiple steps of the viral replication cycle, such as integration. In addition, a novel deubiquitinating enzymatic activity of Ku70 was recently described in which Ku70 has a regulatory effect on Bax-mediated apoptosis by decreasing the ubiquitination of Bax and blocking Bax from proteasomal degradation (30) . However, whether Ku70 also exerts a deubiquitinating effect on other identified binding partners of Ku70 and how Ku70 interacts with the ubiquitin-proteasome pathway to deubiquitinate protein substrates are still unclear.
In this study, we investigated the interaction between Ku70 and HIV-1 IN and the potential roles of Ku70 during HIV-1 replication using cell-based coimmunoprecipitation and short hairpin RNA (shRNA)-mediated knockdown approaches. Interestingly, our results provide evidence that Ku70 is able to protect HIV-1 IN from Lys 48 -linked polyubiquitination and degradation by down-regulation of the overall protein polyubiquitination level within the host cells and by specific IN deubiquitination through its binding to IN. Moreover, our study showed that Ku70 depletion in both virus-producing and target cells drastically inhibited HIV-1 replication and blocked 2-LTR formation and integration in the real-time PCR analysis. Our data also showed that, mediated by HIV-1 IN, Ku70 was incorporated into the progeny virus. All of these results suggest that Ku70 may interact with IN during viral assembly and accompany HIV-1 IN into newly infected cells to assist IN integration activity and protect IN from host-mediated degradation.
EXPERIMENTAL PROCEDURES
Cell Lines and Transfection-Human embryonic kidney 293T and HeLa cell lines were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS) and 1% penicillin/streptomycin. Human CD4 ϩ C8166 T-lymphoid cells were maintained in RPMI 1640 medium supplemented with 10% FCS and 1% penicillin/streptomycin. For the transfection of 293T cells and HeLa cells, the standard calcium phosphate precipitation technique was used, as described previously (31) .
Plasmids and Reagents-To achieve high level IN expression, a codon-optimized IN (INopt) cDNA was synthesized and cloned into the pUC57 vector (GenScript Co., Ltd.). To construct pAcGFP-INopt, the INopt fragment was excised from pUC57-INopt with BamHI and cloned in frame at the 3Ј end of the pAcGFP1-C vector (Clontech) with the same restriction enzyme. To construct pAcGFP-INwt/mut, each of the INwt/ mut coding sequences, including 1-230, 1-250, 1-270, 50 -288, 112-288, and K186A/R187A, was amplified by PCRbased mutagenesis and subcloned into the pAcGFP1-C vector (Clontech) in frame with the GFP coding sequence at the BglII and BamHI restriction sites (32) . Plasmids IN-YFP and MA-YFP were described previously (33, 34) . Untagged human fulllength Ku70 cDNA in the pCMV6-XL5 vector was purchased from OriGene Technologies Inc. To construct SVCMV-T7-Ku70, a Ku70 cDNA without a start codon was amplified and cloned into the SVCMVin-T7 vector at the BamHI and NotI restriction sites. The T7-Ku70 truncation mutants (1-263, 1-430, 226 -609, and 430 -609) were obtained using the same strategy. The nucleotide sequences of the mutagenic oligonucleotides are as follows: 5ЈKu70-BamHI, 5-TAGCCGGATCC-TCAGGGTGGGAGTCATATTA-3; 3ЈKu70-NotI, 5-TATAT-GCGGCCGCTCAGTCCTGGAAGTGCTT-3; Ku70 -263-NotI, 5-AGATGCGGCCGCCTAGAGCTTCAGCTTT-3; Ku70 -430-NotI, 5-TATGCGGCCGCTCATGGAGGAGTCACCT-GAAT-3; Ku70 -226-BamHI, 5-TATGGATCCGATGAGGA-CCTCA-3; Ku70 -430-BamHI, 5-ATATGGATCCCCAGGC-TTCCAGCT-3. HA-tagged ubiquitin (HA-Ub) and mutants HA-UbK48R and HA-UbK63R were described previously (35) . The HIV-1 proviruses pNL4.3-GFP, HxBru, and HxBru-IN-HA were described earlier (32, 36) . For single cycle HIV virus, RT/IN/Env gene-deleted NL4.3luc⌬Bgl⌬RI provirus and CMV-Vpr-RT-IN were described previously (34, 37, 38) . CMVVpr-RT has two stop codons TAGTGA in place of the first six nucleotides in IN sequences, and the sequence was confirmed by sequencing. To construct CMV-Vpr-RT-IN-ProLabel (Vpr-RT-IN-PL) plasmid, a two-step-based PCR method was used. ProLabel tag sequence was amplified from the pProLabel-C vector from ProLabel TM Detection Kit II (Clontech) and inserted after the IN sequence in the CMV-Vpr-RT-IN plasmid with the IN stop codon and ProLabel start codon removed. The following primers were used: RT NheI 5Ј, 5-GCAGCTAGCA-GGGAGACTAA-3; R-RT-IN-ProLabel pstI 3Ј, 5-GTCGACT-GCAGAATTCGAAGCTTATTC-3; IN-ProLabel 5Ј, 5-AGA-CAGGATGAGGATAGCTCCAATTCACTG-3; IN-ProLabel 3Ј, 5-CAGTGAATTGGAGCTATCCTCATCCTGTCT-3.
Antibodies and Reagents-The rabbit anti-GFP polyclonal antibody (Molecular Probes Inc.), the rabbit anti-HA antibody (Sigma), and mouse anti-T7 antibody (Novagen) were used for immunoprecipitation. The antibodies for Western blot (WB) were as follows: the mouse monoclonal anti-␤-actin antibody (Abcam), mouse anti-␣-tubulin (Sigma), mouse antiKu70 (Abcam), mouse anti-Ku80 (Abcam), horseradish peroxidase (HRP)-conjugated anti-GFP antibody (Molecular Probes), HRP-conjugated anti-HA antibody (Miltenyi Biotec), and HRP-conjugated anti-T7 antibody (Novagen). As the sec-ondary antibodies, the ECLTM HRP-conjugated donkey antirabbit IgG and sheep anti-mouse IgG were purchased from Amersham Biosciences. The WB detection ECL kit was purchased from PerkinElmer Life Sciences (Boston, MA). Nonidet P-40 was from Roche Applied Science. Proteasome inhibitor MG-132 and puromycin were obtained from Calbiochem. Subtilisin was purchased from Sigma.
Transient and Stable Knockdown of Ku70 in 293T, HeLa Cells, and C8166 T Cells-To test the effect of Ku70 levels on the stability of IN, siRNA targeting human Ku70 (GenBank TM accession number NM_001469) was used to transiently knock down Ku70 expression in 293T cells and HeLa cells using the Lipofectamine TM RNAiMAX transfection reagent (Invitrogen). The sense primer for this siRNA is 5Ј-GAUCCAGGUUUGAUGCUCAtt-3Ј, targeting Ku70 nucleotides 1094 -1112. In parallel, a scrambled siRNA (Invitrogen) was used as a negative control (siNC). After 5 nM siKu70 or siNC oligonucleotide was transfected into cells for 12 h, cells were transfected again with 5 nM siKu70 to maximize knockdown efficiency.
To produce a stable Ku70-knockdown (KD) 293T and C8166 CD4
ϩ T cell line, lentivirus-like particles harboring Ku70 shRNA were produced by cotransfecting the shRNA pLKO.1 vector containing shRNA targeting the Ku70 mRNA (5Ј-CCGGCGACATAAGTCGAGGGACTTTCTCGAGA-AAGTCCCTCGACTTATGTCGTTTTTG-3Ј (Oligo ID: TRCN0000039608; purchased from Open Biosystems)), packaging plasmid ⌬8.2, and vesicular stomatitis virus G (VSV-G) expressor into the 293T cells. After 48 h, shRNA pLKO.1 vector particles were pelleted by ultracentrifugation (32,000 rpm at 4°C for 1 h) and used to transduce cells for 48 h, followed by selection with 2 g/ml puromycin for 1 week. Ku70-KD efficiency was determined by WB analysis with anti-Ku70 antibody. Endogenous ␤-actin was used to normalize sample loading. The pLKO.1 vector without the shRNA sequence (empty vector) was introduced into cells by the same method as a negative control.
Direct Immunofluorescence Assay-To test the effect of Ku70-KD level on the expression of IN, HeLa cells were first transfected with Ku70-specific siRNA oligonucleotides or nontargeting random siRNA (siNC) for 48 h and further transfected with GFP-INopt for another 48 h with or without MG-132 (10 M) treatment. GFP fluorescence-positive cells were imaged by microscopy under a ϫ20 objective lens (Carl Zeiss).
Coimmunoprecipitation Assay in 293T Cells and in HIV-1-infected C8166T Cells-To detect the interaction between GFP-INwt/mut and T7-Ku70wt/mut and to identify their mutual binding regions, the cell-based co-IP assay was performed as described previously (37) . Briefly, GFP or GFP-INwt/ mut plasmid was cotransfected with pCMV-Ku70 or T7-Ku70, respectively, into 293T cells for 48 h. To increase GFP-IN stability, 10 M MG-132 was added 12 h prior to cell lysis for co-IP. Then 90% of the transfected cells were lysed in 0.25% Nonidet P-40 prepared in 199 medium containing a mixture of protease inhibitors (Roche Applied Science) and clarified by centrifugation at 14,000 rpm for 30 min at 4°C. Supernatant was precleared with Protein G-agarose on a rotator for 2 h at 4°C and subsequently subjected to IP with a rabbit anti-GFP antibody and Protein A-Sepharose overnight. The IN-bound proteins were detected by WB using anti-Ku70 or anti-T7 antibodies. The same nitrocellulose membrane was then stripped and probed with anti-GFP antibody to detect GFP-INwt/mut or GFP expression. Meanwhile, 5% of the transfected cells were lysed in 0.5% Nonidet P-40, and the lysates were used to detect the expression of GFP-INwt/mut and Ku70 by WB using their corresponding antibodies.
To Virus Production and Infection-To study the effect of Ku70-KD on HIV-1 replication, equal amounts (quantified by HIV-1 p24 antigen) of pNL4.3-GFP virus were used to infect Ku70-KD or empty vector-transduced C8166 T cells for 2 h; cells were then washed and cultured in a 37°C incubator. At different time points, viral replication levels were monitored by the measurement of p24 levels using an HIV-1 Gag-p24 ELISA. To test the infectivity of progeny virus produced from the Ku70-KD cells, empty-vector and Ku70-KD C8166 T cells were infected with the same amounts of pNL4.3-GFP. Progeny viruses were collected by ultracentrifugation after 4 days of infection, and equal amounts of viruses (quantified by HIV-1 p24 antigen) were used to infect empty vector or Ku70-KD C8166 T cells. Viral infection was examined at 3 days postinfection by monitoring HIV p24 levels in the supernatant.
Quantitative Real-time PCR-1.5 ϫ 10 6 stable C8166 T cell lines with Ku70-KD or empty vector-transduced were infected with the pNL4.3-GFP virus as described above. Heat-inactivated virus (70°C for 30 min) was used as a negative control for infection. After 4 h of infection, cells were washed and cultured in fresh RPMI medium. At 24 h postinfection, cells were harvested and washed with PBS twice. DNA was isolated using a QIAamp blood DNA minikit (Qiagen). The total levels of HIV-1 DNA, 2-LTR circles, and integrated DNA were quantified following the same procedure in an Mx3000P real-time PCR system (Stratagene) as described (32) .
Virus Composition and Incorporation of Cellular Protein into HIV-1 Virion-To examine the viral protein compositions, the pNL4.3-GFP viruses from empty vector-transduced and Ku70-KD C8166 T cells were pelleted through a 20% sucrose cushion at 35,000 rpm for 1.5 h at 4°C. Then equal amounts of viruses (normalized by p24 values) were lysed with 4ϫ Laemmli buffer and directly loaded onto an SDS-PAGE gel and analyzed for IN and p24 expressions using their corresponding antibodies. The reverse transcription activity from the purified viruses was analyzed by a reverse transcription assay using a commercial RT assay kit (Roche Applied Science) according to the manufacturer's instructions.
To detect the presence of Ku70 in the HIV-1 particles, 15 ϫ 10 6 CD4 ϩ C8166 T cells were mock-infected or infected with pNL4.3-GFP for 3 days. Then supernatants from both cell cultures were ultracentrifuged at 35,000 rpm for 1.5 h through a 20% sucrose cushion. The pellets were dissolved in the same volume of radioimmune precipitation assay buffer and mixed with 20% (v/v) TCA, followed by precipitation on ice for 30 min and acetone washing. Protein precipitates were dissolved in 4ϫ Laemmli buffer and directly loaded onto a 10% SDS-polyacrylamide gel. Virus-associated Ku70 and p24 were then examined by WB using the corresponding antibodies.
Subtilisin treatment of purified HIV-1 virions. The subtilisin assay was performed according to the protocol as described (39) . The Vpr-RT-IN or Vpr-RT expressor was cotransfected with VSV-G and NL4.3luc⌬Bgl⌬RI to produce single cycle IN ϩ and IN Ϫ virus. The viruses were first ultracentrifuged through 20% sucrose at 35,000 rpm for 2 h and then mock-treated or treated with 0.1 mg/ml of subtilisin (Sigma) for 20 h at a 37°C incubation. Subtilisin was inactivated by phenylmethylsulfonyl fluoride. Virus was then repelleted as described above, lysed in radioimmune precipitation assay buffer, and loaded onto SDSpolyacrylamide gel followed by WB. Blots were sequentially probed with anti-Ku70, anti-IN, and p24 antibodies.
ProLabel Detection Assay-To test the effect of Ku70 on IN during HIV infection, VSV-G pseudotyped HIV single cycle virus containing ProLabel tag fused to the C terminus of IN was generated to quantify IN expression under HIV infection. NL4.3luc⌬Bgl⌬RI was cotransfected with Vpr-RT-IN-PL and VSV-G expressor into 293T cells to generate VSV-G pseudotyped HIV-1 single cycle IN-PL virus. The viruses were used to infect shKu70-KD or empty vector-transduced C8166T cells for 3 h. The cells were washed three times and kept in fresh medium and then lysed with lysis/complementation buffer at 8 h p.i. IN-ProLabel activity in the cell lysate was measured according to the manufacturer's instructions from the assay kit (ProLabel TM detection kit II, Clontech). Statistical Analysis-The statistical significance was calculated using Student's t test, and a p value of Յ0.05 was considered significant.
RESULTS

Cellular Protein Ku70 Protects HIV-1 IN from Proteasomal
Degradation-As a part of the NHEJ machinery, the host protein Ku70 has been shown to participate in HIV integration and in the circularization of unintegrated viral DNAs (25, 27) . Surprisingly, based on the results of a yeast two-hybrid assay, a recent study indicated that HIV-1 IN may bind to Ku70 (5), suggesting a direct association between HIV-1 IN and Ku70. To further investigate this viral/host protein interaction, we coexpressed Ku70 (T7-tagged Ku70) and HIV-1 IN (IN-YFP) in 293T cells and analyzed their interaction after 48 h of transfection. Noticeably, our results revealed that T7-Ku70 overexpression significantly increased IN expression (Fig. 1A, lanes 1 and  2) . However, the coexpression of Ku70 with another HIV-1 protein, MA (MA-YFP), did not change the MA expression level (Fig. 1A, lanes 3 and 4) . This suggests that Ku70 is able to increase IN expression. Alternatively, Ku70 could protect the IN protein from degradation (40) .
To further test whether endogenous Ku70 could exert the same activity and whether it is due to a protective effect, we first knocked down the Ku70 expression using specific siRNA in 293T (Fig. 1B) or HeLa cells (Fig. 1C) and checked the level of GFP-IN expression by WB or fluorescence microscopy ( Fig. 1 (5), it is possible that IN could escape from the host proteasomal degradation machinery by directly interacting with Ku70. Therefore, we further investigated the interaction between HIV IN and host protein Ku70 under more physiological conditions by using a co-IP approach in 293T cells and HIV-1-infected CD4 ϩ C8166 T cells. First, a CMV-Ku70 expressor and GFP or GFP-INwt plasmid were cotransfected into 293T cells. In order to prevent IN degradation, MG-132 (10 M) was added to the cells at 12 h before cell lysis. The cells were then lysed and immunoprecipitated with anti-GFP followed by WB using anti-Ku70. We found that GFP-IN, but not GFP, was able to pull down Ku70 ( Fig. 2A) . Given that both Ku70 and IN are DNA-binding proteins, we added DNase I in the cell lysate during the co-IP assay and found that GFP-IN still bound to Ku70 with DNase I treatment, suggesting a direct protein-protein interaction (data not shown). Considering that the protein overexpression system might not necessarily reflect normal functional binding of IN/Ku70, we also tested the authentic interaction of IN/Ku70 in HIV-1-infected cells (Fig. 2B) . To do this, C8166 CD4 ϩ T cells were infected with HIV-1 HxBru or HxBru-IN-HA viruses. In the provirus HxBru-IN-HA, an HA tag was inserted at the C terminus of IN (33) , allowing us to pull down HIV-1 IN-associated cellular proteins by using anti-HA antibody in the co-IP assay. At 72-96 h postinfection, the C8166T cells were lysed, and the cell lysates were subjected to a co-IP assay to detect IN-bound endogenous Ku70 in the infected cells. The results showed that Ku70 was coprecipitated with IN-HA from HxBru-IN-HA-infected cells but not from mock C8166T cells or HIV HxBru-infected C8166 T cells (Fig. 2B, top panel) . The same immunoblot was reprobed with anti-HA to detect the immunoprecipitated level of IN-HA (Fig. 2B, second panel) . Similar levels of endogenous Ku70 and viral Gag-p24 were detected in HxBru-and HxBru-IN-HA-infected cells (Fig. 2B,  third and fourth panel) . Together, these results clearly indicated that the DNA repair protein Ku70 is an authentic, newly described host cofactor for IN.
To (32, 37, 38) , were used to test Ku70 binding ability (Fig. 2C) . The results revealed that GFP and GFP-IN(1-230) did not bind to Ku70 (Fig. 2D, lanes 1, 3,  and 8) , whereas other truncated GFP-IN mutants (residues 1-250, 1-270, 50 -288, and 112-288) and the point mutant K186A/R187A still retained their Ku70-binding ability (Fig. 2D,  lanes 2, 4 -7, and 9) . K186A/R187A, a well characterized oligomerization-defective mutant of IN (41, 42) , still bound Ku70, suggesting that multimerization of IN is not required for IN/Ku70 interaction (Fig. 2D, lane 9) . Overall, our analysis suggested that the C-terminal half of IN (IN(112-288) 3A) and cotransfected with GFP-IN or the expressor into 293T cells. Based on a previous mutational analysis indicating that the minimum region for DNA binding within the Ku70 core region was estimated to be around aa 263-430, 1-263 and 1-430 mutants were constructed; Ku70(226 -609) was shown to be defective for DNA-PK activity and DNA binding in the same study (43) . The Ku70(430 -609) mutant was sufficient for the heterodimerization of Ku70/80 but lost DNA end binding ability in the two-hybrid analysis (44) . In parallel, 293T cells cotransfected with T7-Ku70 and GFP plasmids were used as a negative control. The results showed that T7-Ku70wt and deletion mutant T7-Ku70(1-430) were coimmunoprecipitated with GFP-IN (Fig. 3B, top panel) . Interestingly, T7-Ku70(1-430) displayed a higher binding affinity for IN than T7-Ku70wt (Fig. 3B, top panel, compare lane 4 with lane 2) . Because the N-terminal truncation (aa 1-263) of Ku70 did not interact with IN (Fig. 3B, top panel, lane 3) , whereas T7-Ku70(1-430) showed a strong binding affinity, the aa 263-430 region of Ku70 is probably necessary but not sufficient for IN interaction. However, another Ku70 mutant, residues 226 -609, which also encodes the aa 263-430 region, failed to interact with GFP-IN (Fig. 3B, top panel, lane 5) , suggesting that another important binding domain might exist within the N terminus (residues 1-226) of Ku70. Therefore, both the N-terminal domain and the core domain of Ku70 are suggestive of binding surface for IN.
Ku70 forms a heterodimer with Ku80, a heterodimerization that has been shown to contribute to many cellular processes. For example, the heterodimerization of Ku70/80 is essential for activating DNA-PK and DNA repair and important for their nuclear translocation (43, 45) . One might ask whether Ku80 is also involved in the IN/Ku70 interaction or if IN interacts with Ku70 indirectly through Ku70/80 heterodimerization. To address this question, we performed a co-IP assay in which T7-Ku70wt or T7-Ku70(1-430) was transfected into 293T cells. At 48 h post-transfection, cell lysates were immunoprecipitated with anti-T7 antibody followed by WB with an anti-Ku80 antibody. According to our previous findings, T7-Ku70wt was able to pull down endogenous Ku80 (Fig. 3C, lane 2, top panel) . Interestingly, the deletion mutant T7-Ku70(1-430), which efficiently binds IN, could not form a heterodimer with Ku80 (Fig. 3C,  lane 3, top panel) . This result indicates that T7-Ku70(1-430) binding to IN was independent of Ku80. Thus, the heterodimerization of Ku70/80 may not be required for IN/Ku70 interaction.
Ku70 Protects IN from Degradation by Reducing the Total Ubiquitination Level in the Host Cells and by IN/Ku70(1-430)
Binding-The results above showed that Ku70 binds and protects IN from proteasomal degradation; however, the detailed mechanisms underlying the degradation of IN through the ubiquitination-proteasome pathway remain unclear. Proteins tagged with ubiquitin can be monoubiquitinated or polyubiquitinated. The polyubiquitination chains are formed between the C-terminal residue glycine 76 of ubiquitin and any other internal lysine within the ubiquitin molecule (lysine 6, 11, 27, 29, 33, 48, or 63) through an isopeptide bond (46, 47 mutants K48R and K63R were included in our study, having mutations of Lys 48 and Lys 63 to arginine that were expected to disrupt Gly 76 -Lys 48 and Gly 76 -Lys 63 polyubiquitination chain formation, respectively. First, HA-Ubwt or mutant HAUbK48R and HA-UbK63R were cotransfected with the IN expressor (GFP-IN) into 293T cells. At 48 h post-transfection, cells were lysed in 0.25% Nonidet P-40 and subjected to a co-IP assay using anti-GFP antibody to pull down GFP-IN, followed by WB with anti-GFP and anti-HA antibodies to detect HAUb-tagged IN-associated proteins (Fig. 4A, top and middle panels) . Simultaneously, HA-Ub expression levels in the cells were also checked (Fig. 4A, bottom panel) . The data showed that GFP-IN protein levels in the HA-UbK48R overexpression cells were much higher than in HA-Ubwt-and HA-UbK63R-transfected 293T cells (Fig. 4A, top panel; compare lane 3 with lanes  2 and 4) . Similarly, the ubiquitination level of IN-associated protein expression was the highest in the HA-UbK48R-transfected sample (Fig. 4A, middle panel) . The HA-tagged ubiquitination signal (Fig. 4A, middle panel) was from a pool of ubiquitinated IN and unknown IN-bound cellular proteins. The observation of increased levels of ubiquitinated IN-associated proteins in HA-UbK48R-cotransfected cells was expected given the facts that the immunoprecipitate input or GFP-IN (Fig. 4A, top panel) was the highest and that all of the IN-associated proteins subjected to the ubiquitin-proteasome system for degradation were accumulated due to the defective Lys 48 -linked polyubiquitination proteasome degradation pathway. However, similar levels of HA-Ubwt, HA-UbK48R, and HA-UbK63R were detected in the cell lysates (Fig. 4A, bottom  panel) . The highest IN expression was detected in the HA-UbK48R expression cells, clearly suggesting that GFP-IN is degraded though the Lys 48 -linked polyubiquitination proteasomal degradation pathway.
To further investigate how Ku70 affects IN stability, we studied the ubiquitination level of IN in the presence of both T7-Ku70 and HA-Ub. Because T7-Ku70(1-430) showed a strong binding affinity with IN (Fig. 3) , we also included this T7-Ku70 deletion mutant to determine if the interaction of Ku70/IN plays a role in the stability and ubiquitination of IN. As expected, GFP-IN expression in the cells transfected with T7-Ku70wt and T7-Ku70(1-430) deletion mutants was 1.47 Ϯ 0.11-and 1.78 Ϯ 0.24-fold increased compared with cells transfected with the empty vector (Fig. 4B, top panel; compare lanes 3 and 4 with lane 2). The total ubiquitin expression level detected in the whole-cell extract was dramatically reduced in the presence of wild-type Ku70 (Fig. 4B, lane 3, third panel) . Consistently, the co-IP data showed that ubiquitinated INbound proteins also remarkably reduced by 4.58 Ϯ 0.51-fold in the presence of wild-type Ku70 (Fig. 4B, lane 3, second panel) . Interestingly, T7-Ku70(1-430) was still able to protect IN (Fig. We then tested whether Ku70 affects specific lysine-linked polyubiquitination proteasomal degradation pathways. The T7-Ku70 expressor was cotransfected with HA-Ubwt, HAUbK48R, or HA-UbK63R into 293T cells. The results showed that, in the presence of Ku70, overall HA-Ub expression was still greatly reduced although Ub cannot form Lys 48 -or Lys 63 -linked polyubiquitin chains (Fig. 4C) . This observation was confirmed by the fact that the down-regulation of Ku70 increased ubiquitin levels in the cells. We established a stable Ku70-KD CD4 ϩ C8166 T cell line by transducing C8166 CD4 (lanes 2-4) . The co-IP assay was done at 48 h post-transfection using anti-GFP antibody to pull down IN and its associated proteins and using immunoblotting with anti-HA antibody to determine the ubiquitination level of IN and its associated proteins (second panel). The same membrane was reprobed with anti-GFP antibody to examine GFP-IN expression (first panel). Simultaneously, equal amounts of total cellular proteins (about 5% of the total cell lysates) were resolved on a SDS-PAGE gel and immunoblotted with anti-HA and anti-T7 antibodies to determine the expression levels of the transfected protein expressors (third and fourth panels). ␤-Actin was used as a loading control (bottom panel). C, reduction of ubiquitin level by Ku70 is independent of the Lys 48 -and Lys 63 -linked polyubiquitination proteasomal pathway. 293T cells were transfected with HA-Ubwt/mut with T7-Ku70 or T7 vector for 48 h. Cells were lysed and analyzed for HA-Ub expression using anti-HA antibody in a WB. On the same membrane, ␤-actin was used as a protein-loading control. D, endogenous ubiquitin levels were increased in Ku70-down-regulated cells. C8166 T cells were transduced with empty vector or lentiviral vector expressing an shRNA against human Ku70 and selected with 1 g/ml puromycin. After 1 week of selection, equal amounts of control or stable Ku70-KD cell lines were collected and lysed. The expression levels of ubiquitin, Ku70, and ␤-actin were assessed by WB using specific antibodies.
4D, bottom panel).
These cells were then used to detect endogenous ubiquitin levels. The results showed that the ubiquitin levels were higher in the Ku70-KD cells than in the empty vector-transduced cells (Fig. 4D, top panel) . Taken together, we demonstrated here that Ku70 is able to protect HIV IN from degradation by down-regulating cellular ubiquitin levels and simultaneously preventing the ubiquitination of IN and its associated cellular proteins.
Ku70 Knockdown Impairs HIV-1 Replication-Because Ku70 is able to bind HIV IN and protects IN from degradation, we next tested whether and how Ku70 contributes to HIV-1 replication. To do so, the empty vector-transduced and Ku70-KD C8166 T cells were infected with pNL4.3-GFP ϩ viruses at an MOI of 0.5 (Fig. 5A ) or 0.05 (Fig. 5B ) for 2 h, and the viral replication kinetics were monitored. The infection was examined at different time intervals by harvesting virus-laden supernatant and checking for HIV-1 p24 antigen release. Fig. 5A shows that at the MOI of 0.5, HIV infection in Ku70-KD C8166 T cells was reduced by ϳ50% at 4 and 5 days postinfection compared with the control cells (Fig. 5A) . However, when Ku70-KD cells were infected with a lower MOI of 0.05, viral infection was undetectable by measuring HIV p24 levels up to 11 days. Nonetheless, in the control cells, viral replication peaked at day 9 (Fig. 5B) . Interestingly, Ku70 knockdown completely inhibited low MOI HIV-1 infection but only reduced high MOI viral infection by 50%. This could be due to the fact that the infection of a large amount of viruses produced from normal T cells may at least partially overcome the shortage of Ku70 inside the target cells and establish an efficient first cycle of replication in Ku70-KD cells. If this is the case, we reasoned that viruses produced from Ku70-KD cells should have a significantly lowered infectivity compared with the virus produced from the normal cells. To test this possibility, we infected empty vector-transduced and Ku70-KD C8166 T cells with the same amounts of pNL4.3-GFP ϩ virus (normalized by p24 ELISA) produced from either empty vector or Ku70-KD C8166 T cells. At 3 days postinfection, virus-laden supernatants were harvested and checked for p24 antigen production by p24 ELISA. Consistent with the above results, when cells were infected with virus produced from empty vector-transduced cells (empty vector virus or E-virus), there was only a 2-fold difference in Ku70-KD cells compared with its infection in empty vector cells (Fig. 5C, compare bars 1 and 2) . However, when empty vector-transduced cells were infected with either E-virus or Sh-virus produced from Ku70-KD cells, there was an ϳ5-fold reduction of Sh-virus infection (Fig. 5C, compare  bars 1 and 3) . Strikingly, Sh-virus infection in Ku70-KD cells exhibited more severe impairment, with a 16-fold reduction in viral infectivity compared with the E-virus infection in empty vector-transduced cells (Fig. 5C, compare bars 1 and  4) . Overall, this group of results indicates that down-regulation of Ku70 in both HIV-producing and target cells significantly impairs viral replication.
In order to investigate which early step(s) of viral replication is blocked by Ku70-KD, infected C8166 T cells as described above (Fig. 5C ) were harvested at 24 h p.i., and DNA was isolated and assessed for late reverse transcription products (late RT), 2-LTR circles, and integrated DNA by quantitative PCR (32, 38) . The results revealed that late RT products in the Ku70-KD C8166T cells did not show significant reduction when compared with normal empty vector-transduced cells (p Ͼ 0.05; Fig. 5D , left, compare bar 3 with bar 2), whereas late RT product was about 50% reduced compared with Ku70-KD cells infected with Sh-virus (p Ͻ 0.05; Fig. 5D , left, compare bar 4 with bar 2). Strikingly, 2-LTR and integrated DNA in shKu70-KD cells infected with either normal E-virus or Shvirus were undetectable under current assay conditions (p Ͻ 0.01; Fig. 5D, middle and right panels, bars 3 and 4) . 2-LTR circle formation is indicative of nuclear import (49) , but it also requires proper circularization by host DNA repair enzymes (27, 50) . For example, depletion of NHEJ pathway components (Ku80, XRCC4, and LigaseIV) resulted in undetectable or reduced 2-LTR formation (27, 50) . The undetectable 2-LTR circle formation in Ku70-KD cell infection with both normal E-virus and Sh-virus could be due to insufficient DNA circularization by Ku70-KD in the target cells (Fig. 5D, middle panel,  bars 3 and 4) . All of these results indicate that the presence of Ku70 is required for an efficient viral reverse transcription and necessary for viral integration.
Host Protein Ku70 Is Incorporated into Viral Particles and Stabilizes IN Expression-Because virus produced from
Ku70-KD cells cannot infect C8166 cells efficiently, we first checked whether Ku70 knockdown may affect HIV-1 maturation. The progeny viruses produced from empty vector-transduced cells and Ku70-KD C8166 T cells were normalized by p24 value and loaded onto an SDS-polyacrylamide gel. Simultaneously, infected C8166 T cells were lysed and also subjected to the same analysis. Next, anti-p24 and anti-IN antibodies were used to check for the presence of p24 and IN in the virions and infected cells. We did not detect any difference in the p24/IN ratio in the E-virus-and Sh-virus-infected cells (Fig. 6A,  top panel) . This suggests that the virus Gag-pol processing remained unaffected in the progeny virus produced from Ku70-KD cells. To examine the RT activity in the virions produced in Ku70-KD cells, the same amounts of viruses (normalized by p24 ELISA) from either empty vector-transduced cells or Ku70-KD cells were lysed and subjected to an RT assay (Roche Applied Science). There was no significant difference in viral RT activity observed between normal and Ku70-KD cells (Fig. 6A, bottom panel) . All of these data suggest that Ku70-KD does not affect the processing of Gag/Gag-Pol or virus maturation.
The observation that the Ku70-KD phenotype resulted in defective progeny virus (Fig. 5) implies that Ku70 might be packaged into the progeny virus particles affecting HIV-1 replication. To test this hypothesis, we checked for the presence of Ku70 in the HIV virion. Briefly, the C8166 T cells were mockinfected or infected with HIV pNL4.3-GFP at an MOI of 1 for 2 h. Virions were isolated 4 days after infection on a 20% sucrose gradient by ultracentrifugation (35,000 rpm) for 1.5 h. Virions were lysed in radioimmune precipitation assay buffer and precipitated in 20% TCA to concentrate their protein contents before WB analysis. Simultaneously, the infected or uninfected C8166 T cells were lysed and analyzed by WB. Note that Ku70 was detected in the virions prepared from infected cells but not in the mock-infected cells (Fig. 6B, top panel) . Additionally, the presence of p24 in the virions and the cells was detected by immunoblotting with anti-p24 antibody on the same membrane (Fig. 6B, top panel) .
To verify that Ku70 incorporation into HIV-1 virion is mediated by IN, the VSV-G pseudotyped HIV-1 single cycle infection system was used. Vpr-RT-IN or Vpr-RT was transcomplemented with VSV-G and RT/IN/Env gene-deleted NLluc⌬Bgl⌬RI provirus into 293T cells to produce IN ϩ and IN Ϫ virus (Fig. 6C) . The viruses were collected and ultracentrifuged through 20% sucrose at 35,000 rpm for 2 h. Because subtilisin treatment can effectively remove the proteins (either microvesicles or exosomes) outside the virions of purified HIV-1 virions (51), the IN ϩ and IN Ϫ virus were treated with 0.1 mg/ml subtilisin to remove potential contamination outside the virion. As shown in Fig. 6B (bottom panel) , the presence of Ku70 is significantly higher in IN ϩ virus than IN Ϫ virus without subtilisin treatment (Fig. 6B (top 5 and 6, top panel) . IN and p24 expression in both viruses were monitored by blotting with anti-IN and anti-p24 antibodies. Meanwhile, Ku70 expressions in mock-transfected or transfected cells were assessed (Fig. 6B, bottom panel) . Taken together, these results suggest that, mediated by IN, Ku70 is incorporated into the HIV-1 particle.
The above results (Figs. 1 and 6B) suggest that virus-associated Ku70 might stabilize IN or protect it from degradation in the infected cells. To investigate the protective effects of Ku70 on IN during viral infection, we assessed IN expression in the presence or absence of Ku70 during VSV-G pseudotyped HIV-1 single cycle infection. To do so, we have constructed Vpr-RT-IN-PL plasmid with a ProLabel tag in the C terminus of IN, which enables us to quantify IN expression by measuring ProLabel activity (Fig. 6C) . Vpr-RT-IN-PL is cotransfected with VSV-G and NLluc⌬Bgl⌬RI provirus into 293T cells to produce single cycle IN-PL virus (Fig. 6C) . C8166 T cells were first infected with the same amount of normal IN-PL virus or virus produced from shKu70-KD 293T cells (normalized by p24 ELISA) and washed thoroughly at 3 h p.i., and half amounts of the cells were collected. The rest of the cells were harvested at 8 h p.i. All of the cells were lysed and measured for IN-ProLabel activity. The result showed that when C8166 T cells were infected with virus produced from normal 293T cells, the IN level remains unchanged after 8 h p.i., as compared with that at 3 h p.i. (Fig. 6C, bottom panel, compare bar 2 with bar 1) . When Ku70-KD C8166 T cells were infected with virus produced from normal 293T cells, the IN level remained 77% after 8 h p.i., as compared with that at 3 h p.i. (Fig. 6C, bottom panel, compare bar 4 with bar 3) . Remarkably, when Ku70-KD C8166 T cells were infected with virus produced from Ku70-KD 293T cells, at 8 h p.i., the IN level was reduced to ϳ34%, as compared with that at 3 h p.i. (Fig. 6C , compare bar 6 with bar 5). All of these results together suggest that Ku70 present in the progeny virus and in the target cells contributes to stabilizing IN in the early stage of HIV-1 replication.
DISCUSSION
We studied the interaction between the cellular DNA repair protein Ku70 and HIV-1 IN and the potential roles of Ku70 in HIV-1 replication. By using a cell-based co-IP assay, we dem- IN via their binding interaction) . Finally, the knockdown of Ku70 expression in both virus-targeting and virus-producing CD4 ϩ T cells significantly impaired HIV-1 replication. More specifically, Ku70-KD resulted in undetectable 2-LTR and integration levels in the early stage of viral replication. Taken together, our current study suggests that Ku70 is required for both the early and late stages of the HIV life cycle.
A recent study has found that Ku70 is able to reduce the ubiquitination of Bax in the regulation of apoptosis (30) . This study indicated that the presence of Ku70 is able to specifically deubiquitinate Bax; however, whether Ku70 could affect total ubiquitination level in the host cells remained unknown. Presently, we discovered that, besides reducing the ubiquitination of Bax, Ku70 is able to universally down-regulate the ubiquitination of the entire complement of cellular proteins. The mechanism underlying this down-regulation of protein ubiquitination levels by Ku70 is unclear. A prior in vitro study revealed that Ku70, defined as a novel deubiquitination enzyme, was able to hydrolyze polyubiquitin chains into monoubiquitin units (30) . In the cascade of the ubiquitin-proteasome pathway, deubiquitination enzymes remove ubiquitin chains from protein substrates and recycle the polyubiquitin chain into free ubiquitin, before or after the polyubiquitination chain is recognized by the 19 S cap of the 26 S proteasome (52) . Thus, if Ku70 does exert an overall deubiquitinating activity on cellular protein, an increased free ubiquitin level in the cells would be expected. Unfortunately, under our experimental conditions, we were not able to detect an increased monoubiquitin form of ubiquitin when Ku70 was overexpressed. It appears that the total pool of monoubiquitin in the cells was reduced when Ku70 was overexpressed. Thus, how Ku70 interacts with the host ubiquitin-proteasome system to regulate the total pool of monoubiquitin in the cells and down-regulate the polyubiquitination of proteins remains an open question.
During the HIV life cycle, the host ubiquitin-proteasome system is repeatedly used by HIV-1 viral proteins, such as Vif, Vpr, Vpu, and IN, to ensure viral replication, either by targeting host restriction factors for degradation, such as Vif/APOBEC3G or Vpu/BST2, or by protection from proteasomal degradation by host cellular cofactors (e.g. IN is protected by LEDGF/p75, and Vpr is protected by Cul4A-DDB1DCAF1 ubiquitin ligase) (53) (54) (55) (56) (57) (58) . Here, we provide another example of a host cellular cofactor of IN, the DNA repair protein Ku70, which protects IN from host proteasomal degradation in the overexpression system and under HIV-1 infection (Figs. 1, 4B (top panel) , and 6C (bottom panel)). Interestingly, our results showed that, in addition to down-regulating the ubiquitin pool within the cells, Ku70 is also able to specifically reduce the ubiquitination level of IN and its associated proteins through IN/Ku70 (1-430) (Fig. 4B, top panel) . This scenario seems very likely because the attachment of ubiquitin to protein substrates, conducted by ubiquitin ligases E3 during the last step, is via the covalent binding of the C-terminal Gly 76 of ubiquitin to the ⑀-amino group of an internal lysine residue in the substrate protein (59) , and the C terminus of IN(230 -288) is known to be enriched in lysine residues (e.g. Lys 240 , Lys 244 , and Lys 264 ). Thus, in a future study, it would be intriguing to investigate which lysine residue(s) in IN is specifically recognized by ubiquitin and subjected to proteasomal degradation.
We also provided solid evidence that HIV-1 IN directly interacts with Ku70 in Ku70/IN-overexpressing mammalian cells and in T-lymphocytes during HIV-1 infection (Fig. 2) . Indeed, this finding is not surprising, considering that previous studies using MMLV IN as bait in a yeast two-hybrid system were able to fish out Ku70 (5) , that Ku70 is present in MMLV PICs (27) , and that Ku70 associates with the IN of Ty elements in Saccharomyces cerevisiae, yeast retrotransposons with life cycles similar to retroviruses (60) . We then extended our study to delineate the mutual binding interface of IN and Ku70 and found that the C terminus of IN (aa 230 -288) appears to be involved in the interaction with Ku70. One interesting observation here is that the Ku70 deletion mutant 1-430, which was able to bind IN, cannot form the Ku70/80 heterodimer (Fig. 3) . This result is consistent with a previous finding from a two-hybrid analysis that the C-terminal 20 kDa of Ku70 (aa 430 -609) is essential for Ku70/80 heterodimerization (44) and suggests that the Ku70/IN interaction may be independent of Ku80. It has been shown that Ku70 has unique functions independent of Ku80, although many cellular functions in which Ku70 participates do require Ku70/80 heterodimerization. For example, the antiapoptotic activity of Ku70 by inhibiting Bax-mediated apoptosis is independent of Ku80 (61). One concern here is that, despite the fact that the Ku70 N terminus (aa 1-430) can still mediate IN binding, we cannot rule out the possibility that IN is able to bind the Ku70/80 heterodimer or that IN binding to Ku70 may be enhanced by Ku70/80 association in mammalian cells. Indeed, several cellular functions of Ku70 require association with Ku80, and this heterodimerization formation enhances the stability of each subunit (62, 63) .
In a finding of major relevance, we further determined that Ku70 is required for HIV-1 replication. HIV-1 infection was significantly impaired when Ku70 expression was knocked down in both producer and target cells (Fig. 5) . Moreover, with a low MOI infection, Ku70-KD C8166 T cells were more significantly blocked in viral replication than for a high MOI infection (Fig. 5, A and B) . These results indicate that Ku70 affects both the early and the late steps of the HIV-1 life cycle. In order to pinpoint the effect(s) of Ku70 on the early stage, we carried out real-time PCR to quantify late RT, 2-LTR circles, and inte-grated DNA under the same infection conditions as in Fig. 5C . Not surprisingly, 2-LTR circle formation in the Ku70-KD cells was undetectable, which is consistent with a previous report that NHEJ pathway is required for 2-LTR circle formation (Fig.  5D) (27, 50) . In addition, integration of viral DNA was also abrogated by Ku70-KD, whereas reverse transcription measured by late RT products were reduced by around 50% in the Ku70-KD cells infected with shKu70 virus produced from Ku70-KD cells (Fig. 5D) . Thus, Ku70 seems to be a multifaceted player in the early stage of viral infection. Ku70 is a component of the NHEJ pathway (15) that has been extensively investigated for its multiple functions during retroviral transduction or infection in previous studies. With respect to the effects of Ku70 on the early stage of HIV replication, one mechanism might be that Ku70 is actively involved in the gap repair of integration intermediates introduced by HIV-1 IN through the NHEJ pathway (20, 22-25, 27, 64) . It explains an undetectable HIV integration event when Ku70 is absent during viral infection. The second possible mechanism, with a plausibility demonstrated in this study, is that Ku70 may protect IN from degradation before viral DNA integration by reducing overall cellular ubiquitination and/or by specifically interacting with IN in HIV-infected cells. This scenario was supported by studying the effect of Ku70 on IN-PL metabolism after viral entry in the early stage of viral replication (Fig. 6C) . Depletion of Ku70 in the target cells had reduced IN expression to 77% at 8 h p.i. Remarkably, when Ku70-KD C8166 T cells were infected with virus produced from Ku70-KD 293T cells, the IN level at 8 h p.i., was reduced to ϳ34%, as compared with that at 3 h p.i. (Fig. 6C , bottom panel, compare bar 6 with bar 5). These observations imply that the presence of Ku70 in both viruses and cells is able to protect IN to avoid host ubiquitin proteasomal degradation in the PIC. At this point, it should be noted that two other cellular proteins, hRad18 and LEDGF/p75, were also previously reported to protect IN from proteasomal degradation (58, 65) . However, unlike these two IN cofactors, whose actions are mainly through their physiological binding to IN, Ku70 instead displays two different activities to protect IN from degradation. To date, it has not been clear how HIV-1 IN can coordinately recruit these cofactors to protect itself from the host proteasomal degradation machinery.
With regard to the effect of Ku70 on the late stage of the viral life cycle, we originally hypothesized that Ku70-KD might affect the Gag/Gag-Pol ratio because Ku70 might protect IN as an early Gag-Pol polyprotein precursor during viral assembly. In fact, the results shown in Fig. 6A demonstrate that Ku70 does not affect Gag/Gag-Pol processing and maturation. Further analysis of virion composition revealed that the host cellular protein Ku70 is present in the HIV-1 particles themselves (Fig.  6B ). This finding indicates that Ku70 is packaged into HIV-1 particles as early as its assembly stage and becomes part of the HIV-1 PICs after the virus enters target cells. Within the PIC and associated with IN, Ku70 might deploy two mechanisms to contribute to the early stage of HIV replication: 1) protecting IN from the host proteasomal degradation pathway and 2) assisting viral protein IN in a specific replication step(s), including 2-LTR formation and integration. Consistently, our data revealed that the progeny virus produced from Ku70-KD cells was profoundly defective even when it was used to infect normal cells (Fig. 5C, bar 3) . However, we also cannot exclude the possibility that the presence of Ku70 is required for other events during HIV-1 morphogenesis. This notion is strengthened by the previous findings that, during infection, free ubiquitin is incorporated into viral particles of HIV-1, simian immunodeficiency virus, MMLV, and equine infectious anemia virus (66) and that pr55Gag is monoubiquitinated during assembly and budding (67) . In addition, proteasome inhibitor treatment interfered with the assembly and budding of HIV progeny virus and efficiently inhibited HIV infectivity (68) . Thus, further investigation is certainly needed to fully understand how Ku70 impacts HIV-1 replication, and a better understanding of the interplay between HIV-1 IN and Ku70 during viral infection will rationalize the design of specific inhibitors to target this viral/cellular protein interaction and consequently inhibit HIV-1 replication.
